Introduction
============

Hypertrophic scars (HSs) comprise a type of pathological scar induced by surgery, burn injuries or trauma during the healing process ([@b1-mmr-22-04-3440]). HSs most commonly occur in the outer layers of the skin and arthroses, resulting in damage to the individual appearance and severe dysfunction, including itchiness, susceptibility to infection, pain and disfigurement ([@b2-mmr-22-04-3440],[@b3-mmr-22-04-3440]). It is well established that HSs are a type of tissue fibrosis caused by the accumulation of the extracellular matrix, exhibiting a robust inflammatory response and fibroblast proliferation ([@b2-mmr-22-04-3440],[@b4-mmr-22-04-3440]). The therapeutic strategies for HSs include surgery, radiotherapy and combination therapy ([@b1-mmr-22-04-3440]); however, the therapeutic efficacy of these treatments remains unsatisfactory. For example, previous studies investigated the efficacy of laser therapy combined with silicone gel sheeting and steroid injection, but found that there was no significant effect for HSs treatment ([@b5-mmr-22-04-3440],[@b6-mmr-22-04-3440]). Furthermore, HSs have been reported to be regulated by a number of complicated regulatory mechanisms, including inflammation ([@b7-mmr-22-04-3440]) and immune response ([@b8-mmr-22-04-3440]). Nonetheless, to the best of our knowledge, the mechanisms behind the pathophysiological processes of HSs remain unknown ([@b9-mmr-22-04-3440]). Therefore, it remains an urgent requirement to investigate the potential molecular events of HSs to identify novel therapeutic targets.

Autophagy is an evolutionarily highly conserved catabolic pathway that maintains the cellular energy balance through recycling cytoplasmic proteins and controlling the quality of organelles ([@b10-mmr-22-04-3440],[@b11-mmr-22-04-3440]); it also provides efficient protection for cells under various stress conditions ([@b12-mmr-22-04-3440],[@b13-mmr-22-04-3440]). Previous studies have reported that autophagy was involved in numerous types of disease, including cancer, lung disease and neurodegenerative diseases ([@b14-mmr-22-04-3440]--[@b17-mmr-22-04-3440]). In addition, the involvement of autophagy in the formation of HSs has been demonstrated under starvation stress ([@b18-mmr-22-04-3440]). Thus, these findings provide reasoning for researchers to further investigate the relationship between HSs and autophagy.

MicroRNAs (miRNA/miR) are endogenous, conserved non-coding RNA molecules of 19--22 nucleotides in length ([@b19-mmr-22-04-3440]). miRNAs serve as critical regulators of target genes through multiple mechanisms, including inhibiting translation, promoting mRNA degradation and repressing protein synthesis ([@b20-mmr-22-04-3440]--[@b22-mmr-22-04-3440]). In addition, an abundance of evidence has identified that miRNAs were involved in numerous metabolic reactions, including cell proliferation, differentiation, autophagy and apoptosis, by directly binding to the 3′-untranslated region (3′-UTR) of their target mRNAs ([@b23-mmr-22-04-3440]--[@b26-mmr-22-04-3440]). To date, a small number of studies have suggested a potential role between miRNAs and HSs; for example, the expression levels of miR-21 were reported to be upregulated in HS-derived fibroblasts (HSFBs) and inhibiting miR-21 expression significantly slowed the formation of HSs *in vivo* ([@b27-mmr-22-04-3440]). Conversely, the expression levels of another miRNA, miR-137, were markedly downregulated in HSs, which induced the proliferation and metastasis of fibroblasts ([@b28-mmr-22-04-3440]). Thus, as multiple miRNAs have been reported to be aberrantly expressed during HS formation, it deems worthy to investigate potential miRNAs candidates for HS therapy.

Resveratrol was discovered to be highly effective in the treatment of numerous types of tumor, including colon cancer, liver cancer and neuroendocrine tumors, as well as inflammatory reaction ([@b29-mmr-22-04-3440],[@b30-mmr-22-04-3440]). Several previous studies have reported that resveratrol was involved in miRNA-induced autophagy during the treatment of multiple types of disease, such as chronic diabetic nephropathy ([@b31-mmr-22-04-3440]), Alzheimer\'s disease ([@b32-mmr-22-04-3440]) and cancer ([@b33-mmr-22-04-3440]). For HSs, resveratrol has been approved as a potential agent to suppress scar formation ([@b34-mmr-22-04-3440]). Interestingly, Zeng *et al* ([@b35-mmr-22-04-3440]) identified that resveratrol significantly inhibited cell growth by inducing fibroblast apoptosis, whereas Bai *et al* ([@b36-mmr-22-04-3440]) discovered that sirtuin 1 was upregulated by resveratrol, leading to autophagy during HSs treatment. Therefore, the present study hypothesized that resveratrol may inhibit the viability of hypertrophic scars by activating autophagy via the miRNAs. The results revealed that resveratrol induced autophagy by inhibiting the expression levels of Rheb. Notably, miR-4654 served as the 'bridge' between resveratrol and the GTP-binding protein Rheb. Taken together, the findings of the present study confirmed that Rheb was a target gene of miR-4654 and partially determined the novel mechanism of miR-4654-induced autophagy, thereby providing further insights into putative targets for HS therapy.

Materials and methods
=====================

### Chemicals and cell culture

Resveratrol was purchased from Target Molecule Corp. Normal skin-derived fibroblasts (NSFBs) and HSFBs were kindly provided by Dr Li Min at Department of Dermatology, Gulou Hospital (Nanjing, China). 293T cells were obtained from the American Type Culture Collection. All cell lines were cultured in high glucose DMEM (Gibco; Thermo Fisher Scientific, Inc.), supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% antibiotic-antimycotic (Thermo Fisher Scientific, Inc.), and maintained at 37°C in an atmosphere of 5% CO~2~. HSFBs were treated by resveratrol or transfected with miR-4654 mimic and inhibitor or Rheb vectors. HSFBs treated with mixed vehicle controls were used as control.

### MTT assay

An MTT assay was used to determine cell viability. Briefly, HSFBs were seeded in the 96-well plate at a density of 10^6^ cells per well. Then resveratrol was diluted to various concentrations (0, 1, 10 or 100 µmol/l) using PBS and incubated with the cells (1×10^6^) for 0, 24, 48 or 72 h at 37°C. Following the incubation, 200 µl MTT medium was added/well and incubated with the cells at 37°C for a further 4 h. Following treatment with dimethyl sulfoxide (100 µl), the optical density was measured at a wavelength of 570 nm for each experimental group using a microplate reader (Thermo Fisher Scientific, Inc.).

### Cell transfection

The miR-4654 mimics (5′-UGUGGGAUCUGGAGGCAUCUGG-3′), miR-4654 inhibitors (5′-AGAUGCCUCCAGAUCCCACAAA-3′), mimic-NC (5′-UUUGUACUACACAAAAGUACUG-3′) and inhibitor-NC (5′-CAGUCCUUUUGUGUAGUACAA−3′) were obtained from Shanghai GenePharma Co., Ltd. HSFBs were plated on the 6-well plate at a density of 10^6^ cells pre well and transfected with miR-4654 mimics, miR-4654 inhibitors or the respective negative controls (NCs) (5 nM for all) for 72 h using Lipofectamine^®^ 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol.

According to the manufacturer\'s protocols, Rheb overexpression (OE) was accomplished using a Rheb OE vector (pcDNA3.1; Synthgene Biotech). The Rheb knockdown (KD) was accomplished using a short hairpin RNA targeting Rheb contained within a pcDNA3.1 vector. An empty pcDNA3.1 vector was used as the NC for the KD and OE vectors. HSFBs were plated in the 6-well plate (10^6^ cells pre well) and transfected with these vectors at 5 nM using Lipofectamine^®^ 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The cells were used for further study 72 h following transfection.

### Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from cells using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. A total of 1 µg RNA was reverse transcribed into cDNA using AMV reverse transcriptase (RR019A, Takara Biotechnology Co., Ltd.), according to the manufacturer\'s protocol, and a miR-4654 RT primer (5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCAGAT-3′); U6 RT primer (5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCATGCT-3′). The RT reaction conditions were as follows: 42°C for 30 min, 95°C for 5 min and 5°C for 5 min.

qPCR was subsequently performed using a SYBR Green qPCR mix (Vazyme Biotech Co., Ltd.), according to the manufacturer\'s protocol, on an ABI 7300 sequence detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The following thermocycling conditions were used for the qPCR (performed on a 96-well plates): Initial denaturation at 95°C for 10 min; followed by 40 cycles at 95°C for 30 sec, 56°C for 30 sec and 72°C for 1 min. The following primer sequences were used for the qPCR: miR-4654 forward, 5′-CGTGTGGGATCTGGAGGC−3′ and reverse, 5′-AGTGCAGGGTCCGAGGTATT-3′; U6 forward, 5′-CGGTCCAACGATACAGAGAAG−3′ and reverse, 5′-AGTGCAGGGTCCGAGGTATT-3′; Rheb forward, 5′-TGGGAATAAGAAAGACCTG-3′ and reverse, 5′-GAAGACTTGCCTTGTGAA−3′; and GAPDH forward, 5′-GATATTGTTGACATCAATGAC−3′ and reverse, 5′-TTGATTTTGGAGGGATCTCG-3′. The expression levels were quantified using the 2^−ΔΔCq^ method ([@b37-mmr-22-04-3440]), and GAPDH expression levels were used to normalize the relative abundance of Rheb, whereas U6 expression levels were used to normalize the relative abundance of miR-4654.

### Detection of the target site of miR-4654 on the 3′-UTR of Rheb using a dual-luciferase reporter assay

The potential target sequence for miR-4654 on the 3′-UTR of Rheb was predicted using TargetScan ([www.targetscan.org](www.targetscan.org)). Subsequently, 1×10^6^ 293T cells were plated into six-well plates and cultured for 12 h at 37°C and 5% CO~2~. The pGL3 luciferase reporter vector was obtained from Promega Corporation and the Rheb wild-type (WT) or mutant (MUT) 3′-UTR were cloned into the pGL3 plasmid to synthesize pGL3-Rheb-WT or pGL3-Rheb-MUT. To establish the 3′-UTR of mutant Rheb (Rheb-MUT), the binding sites were mutated via the site directed mutagenesis kit (NEB E0554, New England BioLabs, Inc.). 293T cells were co-transfected with 5 nM of miR-4564 mimics or mimic-NC and pGL3-Rheb-WT or pGL3-Rheb-MUT using Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Following incubation for 48 h at 37°C, the transfected cells were harvested by centrifugation (350 × g; 3 min; 20°C) and firefly luciferase activity was detected using a Dual-Luciferase Reporter Assay system (Promega Corporation). The data was normalized to *Renilla* luciferase activity.

### Western blotting

Total protein was extracted from cells using RIPA lysis buffer (Beyotime Institute of Biotechnology) supplemented with protease and phosphatase inhibitors (Thermo Fisher Scientific, Inc.). Total protein was quantified using a bicinchoninic acid assay (Thermo Fisher Scientific, Inc.) and 45 µg protein/lane was separated via 12% SDS-PAGE for 2.5 h at a voltage of 100 V. The separated proteins were subsequently transferred onto PVDF membranes for 1.5 h under a current of 320 mA and blocked with 5% non-fat milk for 2 h at 37°C. The membranes were then incubated with the following primary antibodies overnight at 4°C: Anti-Rheb rabbit polyclonal (ab92313, 1:2,000; Abcam), anti-microtubule-associated protein 1A/1B-light chain 3 (LC3) rabbit polyclonal (14600-1-ap, 1:1,000; ProteinTech Group, Inc.), anti-Beclin 1 rabbit monoclonal (ab210498, 1:2,000; Abcam) and anti-GAPDH mouse monoclonal (40004-1-lg, 1:10,000; ProteinTech Group, Inc.). GAPDH served as the internal loading control. Following the primary antibody incubation, the membranes were washed with PBS-Tween 20 (1%) and incubated with horseradish peroxidase-conjugated secondary antibodies: Anti-Rat IgG (HRP) (ab7097, 1:5,000, Abcam) or Anti-Mouse IgG (HRP) (ab97040, 1:5,000, Abcam) at room temperature for 2 h. Protein bands were visualized using an ECL reagent (Thermo Fisher Scientific, Inc.) and an ECL immunoblotting system (Tanon Science and Technology Co., Ltd.) and the expression levels were semi-quantified using ImageJ software (V1.8.0.112, National Institutes of Health).

### Verification of the role of autophagy

HSFBs (1×10^6^) were co-treated with 5 mM 3-Methyladenine (3-MA; cat. no. HY-19312; MedChemExpress) and 100 µmol/l resveratrol for 72 h at 37°C. Then, the cells were collected by centrifugation (350 × g; 3 min; room temperature) for further experiments.

### Fluorescence assay

HSFBs were infected with adenoviruses expressing GFP-LC3B fusion protein \[Umibio (Shanghai) Co., Ltd.\] using Lipofectamine^®^ 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) for 72 h to obtain the stable GFP-LC3 cell line. Briefly, 1×10^6^ cells were seeded upon glass confocal dishes and allowed to settle for 12 h at 37°C. miR-4654 mimics, miR-4654 inhibitors and the respective NCs were subsequently transfected into the stable cell line with or without Rheb OE plasmid or Rheb KD plasmid transfection. Subsequently, each group was treated with 100 µmol/l resveratrol or an equal volume of PBS. Following incubation for 72 h at 37°C, cells in each group were fixed by 4% paraformaldehyde for 10 min at room temperature. The cell nuclei were stained with DAPI (1:2,000; Abcam) for 5 min in the dark at room temperature. The images were observed at 200× magnification using a confocal microscope.

### Statistical analysis

Statistical analysis was performed using GraphPad Prism v5 software (GraphPad Software, Inc.) and data are presented as the mean or percentage change ± SD from three independent experiments. Statistical differences between the two treatment groups were compared using a paired Student\'s t-test, whereas comparisons between \>2 groups were performed using a one-way ANOVA and a Tukey\'s multiple comparisons test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Autophagy is triggered by resveratrol in a dose-dependent manner in HSFBs

To identify the pharmacological effect of resveratrol, HSFBs were treated with resveratrol at different concentrations, and the cell viability was subsequently determined using a MTT assay, which revealed a significant dose-dependent decrease in cell viability following the treatment with resveratrol compared with the untreated cells ([Fig. 1A](#f1-mmr-22-04-3440){ref-type="fig"}). Notably, the most significant level of inhibition occurred following 100 µmol/l resveratrol treatment. Subsequently, changes in the expression levels of the autophagy-related protein marker, LC3, were investigated. The results revealed that the LC3-II/LC3-I ratio was significantly increased in a dose-dependent manner ([Fig. 1B](#f1-mmr-22-04-3440){ref-type="fig"}). Conversely, the expression levels of the upstream gene, Rheb, were significantly decreased dose-dependently. These findings suggested that resveratrol may induce autophagy in HSFBs.

To further confirm whether resveratrol inhibited the viability of HSFBs through activating autophagy, HSFBs were co-treated with the autophagy inhibitor 3-MA (5 mM) and 100 µmol/l resveratrol. Interestingly, 3-MA treatment partially reversed the inhibitory effect of resveratrol on cell viability ([Fig. 1C](#f1-mmr-22-04-3440){ref-type="fig"}). The western blotting results further revealed that 3-MA treatment markedly regulated the effect of resveratrol-induced autophagy; the LC3-II/LC3-I ratio and Beclin 1 expression levels were partially but notably downregulated in HSFBs treated with resveratrol and 3-MA compared with resveratrol alone ([Fig. 1D](#f1-mmr-22-04-3440){ref-type="fig"}). These results indicated that autophagy may be triggered by resveratrol in a dose-dependent manner to inhibit HSFB cell viability.

### miR-4654 downregulates the protein expression levels of Rheb

The subsequent experiments investigated the effect of separate controls and a mixed control on the expression levels of Rheb, cell viability and autophagy. The results revealed that the mimic-NC or inhibitor-NC transfections did not alter the protein or mRNA expression levels of Rheb compared with the untreated group ([Fig. S1A and B](#SD1-mmr-22-04-3440){ref-type="supplementary-material"}). Similarly, following the transfection of the cells with the mixed control (mimic-NC + inhibitor-NC + PBS), the expression levels of Rheb were slightly downregulated; however, no statistical differences were recorded among the different groups ([Fig. S1A and B](#SD1-mmr-22-04-3440){ref-type="supplementary-material"}). A similar trend in the cell viability response was observed in each group ([Fig. S2A](#SD1-mmr-22-04-3440){ref-type="supplementary-material"}). Similarly, no significant differences were identified between the separate controls and mixed control transfections on the LC-3II/I ratio or Beclin 1 expression levels ([Fig. S2B and C](#SD1-mmr-22-04-3440){ref-type="supplementary-material"}). In addition, the effect of the control transfections on the expression levels of LC3 were investigated using GFP-LC3 stable cells. Compared with the untreated group, each separated control group did not display significant changes in the LC3 signal intensity ([Fig. S3](#SD1-mmr-22-04-3440){ref-type="supplementary-material"}). In fact, even in the mimic-NC + inhibitor-NC + vector + PBS group, the LC3 signal was similar compared to the untreated group. Taken together, the results identified that the mixed control presented a similar effect to the single controls, and had no effect on Rheb expression levels, HFSB viability or autophagy. Thus, the mixed controls were chosen for use in subsequent experiments.

The expression levels of miR-4654 were subsequently investigated in NSFBs and HSFBs from 14 independent repeated experiments. Compared with the NSFBs, the expression levels of miR-4654 in the HSFBs were significantly downregulated ([Fig. 2A](#f2-mmr-22-04-3440){ref-type="fig"}). Following resveratrol treatment, the expression levels of miR-4654 were significantly upregulated in a dose-dependent manner compared with the untreated HSFBs ([Fig. 2B](#f2-mmr-22-04-3440){ref-type="fig"}). Changes in miR-4654 expression in HSFBs transfected with miR-4654 mimic and inhibitor were assessed by RT-qPCR. The results revealed that the cells transfected with the miR-4654 mimic had significantly upregulated miR-4654 expression levels compared with the mimic-NC group. In addition, a 50% decrease was observed in the expression levels of miR-4654 following the transfection with the miR-4654 inhibitor compared with the inhibitor-NC group ([Fig. 2C](#f2-mmr-22-04-3440){ref-type="fig"}). Subsequently, the mRNA and protein expression levels of Rheb were analyzed in the presence of the miR-4654 mimic, miR-4653 inhibitor or resveratrol treatment; however, no significant differences were observed in the expression levels of Rheb mRNA between these groups ([Fig. 2D](#f2-mmr-22-04-3440){ref-type="fig"}). Interestingly, neither miR-4654 nor resveratrol were able to influence Rheb mRNA expression levels; however, resveratrol treatment significantly downregulated the protein expression levels of Rheb, while the inhibition of miR-4654 expression levels in HSFBs led to the significant upregulation of the protein expression levels of Rheb compared with the control group ([Fig. 2E](#f2-mmr-22-04-3440){ref-type="fig"}). These findings indicated that Rheb may be influenced by miR-4654 or resveratrol in the process of translation.

### miR-4654 regulates the translation of Rheb through targeting its 3′-UTR region

To confirm the relationship between miR-4654 and Rheb, the potential binding sites of miR-4654 on the 3′-UTR of Rheb were investigated using bioinformatics analysis ([Fig. 3A](#f3-mmr-22-04-3440){ref-type="fig"}). To further confirm the hypothesis of the present study, a dual-luciferase reporter assay was performed by co-transfecting miR-4654 mimics or mimic-NC with the luciferase reporter vector containing the WT or MUT 3′-UTR of Rheb. The transfection of the miR-4654 mimic led to a significant reduction in the relative luciferase activity of Rheb-WT cells compared with the mimic-NC group; however, no significant differences were observed in the Rheb-MUT cells with miR-4654 treatment as compared with the mimic-NC group ([Fig. 3B](#f3-mmr-22-04-3440){ref-type="fig"}). These findings suggested that miR-4654 may target the 3′-UTR of WT Rheb and regulate the expression of Rheb negatively.

### miR-4654 enhances Rheb-induced autophagy in HSFBs

A previous study demonstrated the critical role of Rheb in the regulation of cell autophagy and proliferation processes ([@b38-mmr-22-04-3440]). Therefore, the present study aimed to investigate whether the miRNA-dependent downregulation of Rheb affected these processes in HSFBs. A 5-fold upregulation in mRNA expression levels and a 2.4-fold upregulation in protein expression levels was identified in HSFBs transfected with the Rheb OE vector compared with the control vector. Conversely, the mRNA expression levels of Rheb were significantly downregulated in cells transfected with Rheb KD vector compared with the control vector and the western blotting results revealed a 60% reduction in Rheb expression levels following Rheb KD in the cells ([Fig. 4A](#f4-mmr-22-04-3440){ref-type="fig"}).

Based on these results, the current study aimed to determine whether miR-4654 induced HSFB cell viability through a Rheb-dependent mechanism The MTT assay results revealed that the inhibition of miR-4654 expression levels increased the cell viability of HSFBs compared with the untreated group or control group. However, the cell viability was reduced following the transfection with the miR-4654 mimic. In addition, following the co-transfection with the Rheb KD vector prior to the miR-4654 inhibitor, the cell viability was re-increased compared with the miR-4654 inhibitor group ([Fig. 4B](#f4-mmr-22-04-3440){ref-type="fig"}). The mRNA expression levels of Rheb were subsequently investigated following the different transfections. The regulation of miR-4654 expression levels using the mimic or inhibitor did not significantly alter Rheb expression levels in the HSFBs compared with the control groups; however, a 2.3-fold increase and a 50% reduction was observed in Rheb expression levels in the Rheb OE + miR-4654 mimic and miR-4654 inhibitor + Rheb KD groups, respectively ([Fig. 4C](#f4-mmr-22-04-3440){ref-type="fig"}). Finally, the expression levels of autophagy-related protein markers, including LC3 and Beclin 1, were analyzed. The data revealed that the overexpression of miR-4654 significantly upregulated the expression levels of these proteins compared with the control group. Moreover, following the transfection with miR-4654 mimic, the expression levels of Rheb were significantly downregulated compared with the control group. In contrast, following the transfection of cells with the miR-4654 inhibitor, the expression levels of Rheb were significantly upregulated. Next, Rheb was overexpressed prior to the miRNA-mimic/inhibitor transfection; the results demonstrated that the transfection with Rheb OE partially reversed the effect of miR-4654 on autophagy. Similarly, the co-transfection of Rheb KD and the miR-4654 inhibitor into HSFBs also significantly reversed the effect of the miR-4654-inhibitor alone ([Fig. 4D](#f4-mmr-22-04-3440){ref-type="fig"}). These data suggested that Rheb may be one of the targets of miR-4654 responsible for autophagy and the viability of HSFBs.

### Resveratrol induces HSFB autophagy through miR-4654/Rheb axis

In light of the aforementioned findings, it was hypothesized that the effect of resveratrol on cell autophagy may be mediated by miRNA. As previously demonstrated, resveratrol treatment promoted the upregulation of miR-4654 expression levels in HSFBs. The subsequent results revealed that the cell viability was markedly reduced following resveratrol treatment compared with the control group, and this effect was exacerbated by the addition of the miR-4654 mimic (resveratrol + miR-4654 mimic group). Conversely, the inhibition of miR-4654 expression alongside resveratrol treatment effectively alleviated the effects of resveratrol treatment alone over cell viability. When Rheb was overexpressed before resveratrol and miR-4654 mimic treatment, the cell viability was re-increased significantly compared with the resveratrol + miR-4654 mimic group. The silencing of Rheb reversed the effect of resveratrol + miR-4654 inhibitor treatment ([Fig. 5A](#f5-mmr-22-04-3440){ref-type="fig"}). Moreover, RT-qPCR analysis revealed that neither resveratrol treatment alone or combined with miR-4654 mimics downregulated the expression level of Rheb compared with the control group ([Fig. 5B](#f5-mmr-22-04-3440){ref-type="fig"}). However, these effects were significantly reversed following the co-transfection with the Rheb OE plasmid (resveratrol + miR-4654 mimic + Rheb OE group; [Fig. 5B](#f5-mmr-22-04-3440){ref-type="fig"}). Similarly, the results obtained from the western blotting experiments also suggested that the downregulated expression levels of Rheb following resveratrol treatment in HSFBs were miR-4654 dependent. Rheb was markedly reduced following resveratrol treatment alone or combined with miR-4654 mimic compared with the control group. By contrast, the inhibition of miR-4654 expression alongside resveratrol treatment effectively increased the effects of resveratrol treatment alone. However, the expression level of Beclin 1 and the LC3-II/LC3-I ratio were both increased in the resveratrol group, and further increased in the resveratrol + miR-4654 mimic group. While the levels of such molecules were both downregulated when the cells were treated with miR-4654 inhibitor, which exhibited no difference compared with the resveratrol alone group. When the cells were co-transfected with the miR-4654 mimic and Rheb OE prior to resveratrol treatment, no change was observed in the expression level of Beclin 1 and the LC3-II/LC3-I ratio compared with the resveratrol + miR-4654 mimic group, while the protein level of Rheb was reupregulated significantly. Moreover, following the treatment of cells with the miR-4654 inhibitor and downregulating Rheb expression levels with the Rheb KD plasmid, resveratrol treatment significantly inhibited cell autophagy ([Fig. 5C](#f5-mmr-22-04-3440){ref-type="fig"}). These findings suggested that the increase in autophagy by resveratrol in HSFBs may be dependent on the miR-4654/Rheb axis.

### miR-4654 promotes the formation of autophagosomes in HSFBs following resveratrol treatment

To further confirm the role of miR-4654 in the activation of autophagy, the fluorescence intensity in the stable GFP-LC3 HSFBs cell line was analyzed in each group; miR-4654 mimics or inhibitors were transfected into stable GFP-LC3 cell lines. Following 72 h of transfection, DAPI was used to stain the cell nuclei and the cells were observed under confocal microscopy to determine the GFP-LC3 fluorescent intensities ([Fig. 6](#f6-mmr-22-04-3440){ref-type="fig"}). The results revealed that excessive autophagy was induced following resveratrol treatment, while the transfection with the miR-4654 inhibitor reversed the effect of resveratrol treatment. In addition, upon the co-transfection of the cells with the miR-4654 mimic and Rheb OE prior to resveratrol treatment, the increased GFP-LC3 fluorescent intensity in the resveratrol + miR-4654 mimic group was reduced. Moreover, the co-transfection of cells with the miR-4654 inhibitor and Rheb KD plasmid prior to resveratrol treatment re-increased the effect of resveratrol + miR-4654 inhibitor treatment.

Discussion
==========

Autophagy serves a vital role in sustaining cellular metabolism; however, in certain cellular settings, autophagy is also known to induce cell death ([@b39-mmr-22-04-3440],[@b40-mmr-22-04-3440]). Autophagy has also been identified to regulate the apoptotic response ([@b41-mmr-22-04-3440]). It is also established that autophagy is an essential process for the maintenance of cellular homeostasis ([@b42-mmr-22-04-3440]). Furthermore, the association between autophagy and HSs has been widely reported by an increasing number of studies; for example, Shi *et al* ([@b43-mmr-22-04-3440]) compared the autophagic capacity of HSs and normal skin and discovered that the generation of LC3 is prevented in HSs, which was suggested to benefit HSs formation. In addition, Shi *et al* ([@b44-mmr-22-04-3440]) demonstrated that WT p53-modulated autophagy and autophagic-induced fibroblast apoptosis suppresses the formation of HSs in a rabbit ear model. Moreover, Shi *et al* ([@b45-mmr-22-04-3440]) reported that interleukin-10 inhibits autophagy in HSFBs under starvation stress to reduce HS formation. These findings suggested that autophagy may be involved in the proliferation and survival of HSFBs ([@b46-mmr-22-04-3440]). The present study demonstrated that resveratrol could efficiently trigger HSFBs autophagy, as evidenced by the increased LC3-II/LC3-I ratio and upregulated expression level of Beclin 1, which are the markers of autophagy. The most marked effects were observed in the cells with 100 µmol/l resveratrol treatment for 72 h, in which the cell viability was seriously impaired. In addition, using the common inhibitor of the autophagic pathway 3-MA, it was found that inhibition of autophagy could significantly reverse the effect of resveratrol treatment. It was hypothesized that high level of autophagy in HSFBs might be essential to inhibit cell viability.

The present study also demonstrated that resveratrol treatment markedly reduced the expression levels of Rheb in a dose-dependent manner. Rheb has been identified as a critical regulator of autophagy during the disease state; a previous study has reported its ability to activate autophagy, thereby leading to its own inactivation via the mTOR complex 1 pathway ([@b37-mmr-22-04-3440]). Another study suggested that reduction of Rheb can initiate autophagy in macrophages with increased Beclin1 and autophagy-related protein 7 ([@b47-mmr-22-04-3440]). These finding suggest that inhibition of Rheb may be important to suppress HSFBs proliferation and induce autophagy, which was consistent with the present study.

An increasing number of miRNAs have been reported to serve as essential components of multiple pathophysiological and biomechanical processes ([@b38-mmr-22-04-3440],[@b48-mmr-22-04-3440],[@b49-mmr-22-04-3440]). HSs have been discovered to be associated with abnormal changes in the expression level of multiple miRNAs, including the upregulation of miRNAs such as miR-30A-5p and miR-152, and the downregulation of miRNAs such as miR-143-5p and miR-4328 ([@b50-mmr-22-04-3440],[@b51-mmr-22-04-3440]). In addition, miRNAs have been identified to affect the proliferation and apoptosis of fibroblasts, as well as extracellular matrix deposition ([@b52-mmr-22-04-3440],[@b53-mmr-22-04-3440]). The roles of numerous miRNAs have been reported in both biological and clinical processes, although the roles for the majority of miRNAs have yet to be elucidated. The present study revealed that the expression levels of miR-4654 were significantly downregulated in HSFBs as compared to the NSFBs. While its level was significantly increased in the cells following the treatment with different concentrations of resveratrol. In addition, the expression levels of miR-4654 were closely associated with the degree of autophagy, which is consistent with the findings of a previous study ([@b54-mmr-22-04-3440]). In the present study, overexpression of miR-4654 notably inhibited Rheb expression at the protein level and transfection of the miR-4654 inhibitor markedly increased the level of Rheb when compared with the control group. Subsequently, the current study further investigated the effect of miR-4654 and Rheb on the autophagic process. Results from bioinformatics analysis and a dual-luciferase reporter assay suggested that miR-4654 may directly inhibit the translation of Rheb by targeting its 3′-UTR region. Restoring the Rheb expression reversed the cell viability inhibition and autophagy initiation of HFSBs induced by miR-4654 overexpression. Similarly, suppressing the Rheb expression in Rheb-depleted cells inhibited the cell viability and re-enhanced cell autophagy as compared with the miR-4654 inhibitor group. Accordingly, these data indicated that resveratrol induced HFSBs autophagy might be regulated by upregulation of miR-4654 which in turn suppressed Rheb.

Finally, co-treatment with miR-4654 mimic further suppressed cell viability and enhanced cell autophagy in resveratrol-treated HFSBs. When the cells were treated with miR-4654 inhibitor prior to resveratrol administration, a higher cell viability and lower degree of autophagy were observed compared with the resveratrol treated group. By contrast, dysregulation of Rheb reversed the function of resveratrol and miR-4654 inhibitor treatment, and demonstrated no effect on the role of miR-4654 mimic treatment upon the resveratrol administration. The hypothesis of the present study was further verified by the fluorescence assay, which revealed that a higher number of autophagosomes were present following the transfection with the miR-4654 mimic and resveratrol treatment, whereas knocking down miR-4654 expression inhibited the fluorescence intensity of LC3 in HFSBs.

In conclusion, the findings of the present study suggested that resveratrol treatment may promote autophagy by upregulating miR-4654 expression levels, and thus downregulating the expression levels of the downstream gene, Rheb. However, the findings of the current study are limited due to the fact that the effect of resveratrol treatment on NSFBs was not investigated, which may limit the clinical impact of these results. However, despite this limitation, the findings still shed light on the molecular mechanism underlying the miR-4654-mediated activation of autophagy and the results suggested that miR-4654 may be a potential biomarker and therapeutic target for the treatment and diagnosis of HSs.
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![Resveratrol inhibits the viability of HSFBs through regulating Rheb and activating autophagy. (A) MTT assay was performed to determine the cell viability of HSFBs in each group at 72 h following the treatment with different concentrations of resveratrol. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 vs. 0 µmol/l group. (B) and (C) Western blotting was used to analyze the protein expression levels of Rheb and the LC3-II/I ratio in HSFBs following the treatment with different concentrations of resveratrol. \*\*P\<0.01, \*\*\*P\<0.001 vs. 0 µmol/l group. (D) MTT assay was performed to detect the cell viability of HSFBs in each group at 72 h following the treatment with 100 µmol/l resveratrol with or without 5 mM 3-MA treatment. \*P\<0.05, \*\*P\<0.01. (E) and (F) Western blotting was used to analyze the protein expression levels of Rheb and LC3 in HSFBs following the treatment with resveratrol and 3-MA or resveratrol alone. \*\*P\<0.01, \*\*\*P\<0.001 vs. the control group; ^\#^P\<0.05, ^\#\#^P\<0.01 vs. the resveratrol group. Data are presented as the mean ± SD from three independent experiments. Control, the cell was treated with PBS; HSFBs, hypertrophic scar-derived fibroblasts; LC3, microtubule-associated protein 1A/1B-light chain 3; 3-MA, 3-Methyladenine.](MMR-22-04-3440-g00){#f1-mmr-22-04-3440}

![Effect of miR-4654 on Rheb expression. (A) Relative expression levels of miR-4654 in NSFBs and HSFBs. N=14, \*\*\*P\<0.001 vs. NFSBs. (B) RT-qPCR was performed to analyze the miR-4654 expression levels in HSFBs following the treatment with resveratrol at different concentrations. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 vs. 0 µmol/l group. (C) Transfection efficiency of miR-4654 mimic or miR-4654 inhibitor in HSFBs was determined using RT-qPCR. \*\*\*P\<0.001. (D) RT-qPCR was performed to analyze the mRNA expression levels of Rheb in HSFBs transfected with miR-4654 mimic or miR-4654 inhibitor or treated with 100 µmol/l resveratrol. (E) Western blotting was used to analyze the protein expression levels of Rheb in HSFBs transfected with miR-4654 mimic or miR-4654 inhibitor, or treated with 100 µmol/l resveratrol. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 vs. the control group. Both the mRNA and protein expression levels from parts (D) and (E) were normalized to GAPDH. Data are presented as the mean ± SD; n=3. HSFBs, hypertrophic scar-derived fibroblasts; NSFBs, normal skin-derived fibroblasts; Control, mimic-NC + inhibitor-NC + PBS group; RT-qPCR, reverse transcription-quantitative PCR; miR, microRNA.](MMR-22-04-3440-g01){#f2-mmr-22-04-3440}

![Rheb is a direct target gene of miR-4654. (A) Sequence analysis of binding sites between miR-4654 and the WT Rheb 3′-UTR according to TargetScan. The Rheb 3′-UTR MUT sequence is also shown. (B) Dual-luciferase reporter assay was performed in 293T cells co-transfected with the plasmid containing WT or MUT Rheb 3′-UTRs and miR-4654 mimic or mimic-NC. Data are presented as the mean ± SD. N=3, \*\*\*P\<0.001 vs. mimic-NC. 3′-UTR, 3′-untranslated region; miR, microRNA; WT, wild-type; MUT, mutant.](MMR-22-04-3440-g02){#f3-mmr-22-04-3440}

![Effect of miRNA-mediated Rheb downregulation on the viability and autophagy of HFSBs. (A) HFSBs were transfected with the Rheb OE plasmid, Rheb KD plasmid or the empty control vector. The mRNA and protein expression levels of Rheb were analyzed using RT-qPCR or western blotting, respectively. \*\*\*P\<0.001 vs. vector group. (B) MTT assay was performed to determine the cell viability in each group at 72 h. (C) RT-qPCR analysis of Rheb expression levels in HFSBs in the different groups. \*\*P\<0.01, \*\*\*P\<0.001. (D) Western blotting was used to determine the protein expression levels of Beclin 1, Rheb and LC3 in HFSBs in the different groups. \*\*\*P\<0.001; ^\#\#^P\<0.01, ^\#\#\#^P\<0.001 vs. the untreated group. Data are presented as the mean ± SD from three independent experiments. HSFBs, hypertrophic scar-derived fibroblast; OE, overexpression; KD, knockdown; Control, mimic-NC + inhibitor-NC + vector treated group; LC3, microtubule-associated protein 1A/1B-light chain 3; miR, microRNA; RT-qPCR, reverse transcription-quantitative PCR.](MMR-22-04-3440-g03){#f4-mmr-22-04-3440}

![Resveratrol activates autophagy through the miR-4654/Rheb axis. (A) Cell viability was analyzed in HSFBs in the different groups using an MTT assay. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001. (B) RT-qPCR analysis of the expression levels of Rheb in HSFBs in the different groups. \*\*P\<0.01, \*\*\*P\<0.001; ^\#\#^P\<0.01 vs. the resveratrol group. (C) Western blotting was used to analyze the protein expression levels of Rheb, LC3 and Beclin 1 in HSFBs in the different groups. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001; ^\#^P\<0.05, ^\#\#^P\<0.01 vs. the resveratrol group. Data are presented as the mean ± SD. N=3. HSFBs, hypertrophic scar-derived fibroblasts; LC3, microtubule-associated protein 1A/1B-light chain 3; Control, mimic-NC + inhibitor-NC + PBS + vector group; OE, overexpression; KD, knockdown; miR, microRNA.](MMR-22-04-3440-g04){#f5-mmr-22-04-3440}

![miR-4654 promotes the formation of autophagosomes in HSFBs following resveratrol treatment. HSFBs were infected with adenoviruses expressing GFP-LC3 fusion protein to obtain a stable GFP-LC3 cell line. Different treatments/transfections were applied in the stable cell line, including resveratrol treatment alone, resveratrol + miR-4654 mimic transfection, resveratrol + miR-4654 mimic + Rheb OE transfection, resveratrol + miR-4654 inhibitor transfection + Rheb KD, resveratrol + miR-4654 inhibitor transfection and the control group. After 72 h, DAPI was used to stain cells and the cells were observed at a magnification of ×200 using confocal microscopy. Scale bar=20 µm. The GFP-LC3 fluorescence intensity was normalized against the control group and determined using Image J software. Data are presented as the mean ± SD, n=3, \*\*P\<0.01; ^\#\#^P\<0.01 vs. the resveratrol group. LC3, microtubule-associated protein 1A/1B-light chain 3; OE, overexpression; KD, knockdown; Control, mimic-NC + inhibitor-NC + PBS + vector group; HSFBs, hypertrophic scar-derived fibroblasts; miR, microRNA.](MMR-22-04-3440-g05){#f6-mmr-22-04-3440}
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